Protein knots and slipknots, mostly regarded as intriguing oddities, are gradually being recognized as significant structural motifs. Recent experimental results show that knotting, starting from a fully extended polypeptide, has not yet been observed. Understanding the nucleation process of folding knots is thus a natural challenge for both experimental and theoretical investigation. In this study, we employ energy landscape theory and molecular dynamics to elucidate the entire folding mechanism. The full free energy landscape of a knotted protein is mapped using an all-atom structure-based protein model. Results show that, due to the topological constraint, the protein folds through a three-state mechanism that contains (i) a precise nucleation site that creates a correctly twisted native loop (first barrier) and (ii) a rate-limiting free energy barrier that is traversed by two parallel knot-forming routes. The main route corresponds to a slipknot conformation, a collapsed configuration where the C-terminal helix adopts a hairpin-like configuration while threading, and the minor route to an entropically limited plug motion, where the extended terminus is threaded as through a needle. Knot formation is a late transition state process and results show that random (nonspecific) knots are a very rare and unstable set of configurations both at and below folding temperature. Our study shows that a native-biased landscape is sufficient to fold complex topologies and presents a folding mechanism generalizable to all known knotted protein topologies: knotting via threading a native-like loop in a preordered intermediate.
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free energy landscape | knotted protein kinetics | nontrivial protein topology | protein folding | structure-based model P rotein structures have been observed with several complex folding motifs including knots and slipknots. These include nontrivial topologies containing 3 1 , 4 1 , 5 2 , and 6 1 knots (1-5). While the mechanism by which these proteins manage to reliably fold from a disordered linear polypeptide into complicated topologies is still largely a mystery, energy landscape theory is starting to provide us the key to resolve this challenge. In a minimally frustrated, funnel-like energy landscape, one expects that native contacts are on average favorable and dominate over nonfavorable nonnative ones (6) (7) (8) . Topological constraints imposed by the existence of a native knot radically alters the funneled landscape. Many routes are barred from reaching the native state due to the obstacle imposed by the knot. Forming a knot requires intricate crossings of the polypeptide; any one made incorrectly leads to an unknotted protein or a wrong chirality. Therefore at first sight the problem of folding knots appears perplexing, but there is no reason to doubt that clues will be found in the native structure itself. Here it is shown how an all-atom structure-based model, which is dominated by native attractive interactions, is sufficient to uncover the energy landscape and folding routes of the smallest knotted protein.
Recent experiments have shown that a knotted protein can fold from preknotted denatured states (9) . These experiments monitored the kinetic refolding of homodimeric α/β-knot methyltransferase, YibK, which contains a 3 1 knot, and showed that mutations in the native-knotted region slowed the early stages of refolding of the denatured, but still knotted, protein (9, 10).
There is still no experimental observation of a knotting process starting from an unfolded protein that does not already contain a knot. Theoretical investigations by Sulkowska et al. showed that the native state of YibK is kinetically accessible with a nativebiased coarse-grained model through a knotting mechanism where the protein has significant native structure when the knot is created (11) . In this scenario one of the termini threads a native-like loop through a slipknot intermediate, a collapsed configuration where the terminal polypeptide makes native contacts and adopts a hairpin-like configuration while threading (for detailed description of slipknot topology see also ref. 12 ). An alternative knotting mechanism is a plug motion, an extended configuration analogous to threading a needle. This scenario is seen during coarse-grained kinetic simulations of YibK by Wallin et al. but required introduction of attractive nonnative interactions around the knotted region (13). Here we adopt a different approach from these two previous studies. By applying an allatom model to a smaller knotted protein, the thermodynamics of folding knots can be studied rather than only the kinetics.
Beyond tying knots, these proteins must also be able to reliably avoid topological traps, kinetic traps on the landscape whose solution would require chain interpenetration or "chain crossing." Chain crossing is not allowed, thus the connectivity imposes a topological constraint. A simple solution is to evolve a sufficiently sequential or polarized folding route that orders the topological crossings correctly. Typical small and intermediate size proteins fold by a collection of multiple converging pathways toward the native state, a folding funnel. Deviations from this ideal picture can arise from constraints imposed by geometric problems related to steric collision or by entropic effects related to chain connectivity (14) (15) (16) (17) (18) . Such constraints cause the folding mechanism to be dominated by just a subset of the possible folding pathways. The constraints on the folding funnel become severe in the case of knotted proteins, where topological issues become important. The covalently connected nature of the polypeptide backbone makes some of the folding pathways for a knotted protein sterically impossible. Even under this more restricted situation, it has been shown that, just as with traditional proteins, a funnel-like landscape dominated by native interactions manages to fold topologically complex proteins (11) . The inherent geometric constraints in the structure are able to guide the necessary preordering of chain crossings. This earlier work, however, was qualitative. The kinetic folding simulations had a low success rate of reaching the native knot (<5%), instead becoming trapped in misfolded states in most trajectories. Here we employ an all-atom model to gain a more quantitative understanding of the topological effects. While various kinds of geometrical bottlenecks have been popularly referred to in the protein field as topological constraints, in this paper, we limit the use of the term "topological" to the stricter mathematical meaning related to crossings of the polypeptide chain (19) .
A natural choice for this study is the smallest knotted protein, MJ0366, from Methanocaldococcus jannaschii (5, 20) . The protein crystallized as a homodimer and its trefoil knot structure is shown in Fig. 1 . The existence of a knot in a small globular protein gives a unique opportunity to investigate the full process of folding. An all-atom structure-based protein model is employed (18) to provide an in-depth characterization of the folding mechanism and free energy landscape of a knotted protein. Despite that MJ0366 is a small globular protein and might therefore be expected to show simple two-state folding behavior, the thermodynamic and kinetic data show a three-state system: unfolded, native-like loop formed, native-knotted structure. The correct knotting follows after native loop formation and never as a random knotting event. This polarized folding pathway is robust to even high concentrations of monomer. The slipknot and plug knotting routes are both populated at folding temperature (Fig. 2) . The comparison between a coarse-grained model and an all-atom model bridges previous work with current results. The comparison illuminates the topological constraints imposed by the knot and shows how the protein avoids topological trapping.
Results and Discussion
Thermodynamically Meta-Stable State Precedes Knotting. The knotted α/β protein MJ0366 has 82 residues and creates a 3 1 (trefoil) knot (Fig. 1) . We characterize the knot position by monitoring its depth (11) , distance along the sequence K N , K C to the knot, respectively, from the N terminal and C terminal. In the case of a slipknot we additionally monitor depth of a slipknot loop (12) , which is located between K N and K C . In the crystal structure the knot begins at Asn15 and ends at Ala70, hence, K 0 N ¼ 15 and K 0 C ¼ 12 where the superscript denotes the native value. The knot covers 82
where N is the total number of residues. Helices α 1 and α 2 and their linkers create the loop through which the C terminal threads. The loop is twisted and its ends are glued by the β-strands. In its native state the knotted domain forms a dense hydrophobic core, largely composed of α 3 -α 4 packing with β 1 .
Unbiased constant temperature molecular dynamics simulations were performed to obtain the free energy landscape for the monomer structure at folding temperature T F , the temperature where the unfolded and folded ensembles have equal free energy minima. Each simulation visits both the folded/knotted state and the unfolded/unknotted state. In total, 100 folding/ unfolding transitions are included. The progress of folding was monitored with the reaction coordinate Q, the fraction of native residue contacts formed. An advantage of the theoretical approach is the ability to monitor a new coordinate, the precise position of the knot, using the KMT algorithm (21) . The correctness of the structures was checked by both the number of native contacts and the position K N , K C of the knot along the sequence. Fig. 2 shows the free energy as a function of Q. Three states are clearly seen. Upon folding, the protein must first overcome a barrier to form the β-sheet that defines the loop. Second, after the loop twists correctly, the protein overcomes a larger barrier by threading the C terminus through the loop. Overall the folding barrier is 5k B T. The specific heat shows a single peak at T F (see Fig. S1 for discussion).
Nonspecific Knots, Native Knots, and Malformed Knots. In the case of strings and homopolymers (22, 23) , there are no preferred locations for nucleation of knots, and knots are equally likely to be , and N. The minimum at low Q is the unfolded ensemble, the broad minimum at Q ≈ 0.2 corresponds to the formation of the β-sheet and correct twisting, and the broad minimum at high Q is the native ensemble. The red dotted line shows the probability P K of finding a knot as a function of Q. The high barrier at Q ¼ 0.4 is associated with the entropic cost of forming the native knot. (B) Free energy as a function of two coordinates, Q and Q β , the number of native contacts formed in the β-sheet. The β-sheet is formed prior to the transition state that defines the loop for the C terminus to thread. (C) Folding routes in a topologically frustrated system. A loop with the correct chirality must exist, I, which is then threaded by the C terminus. If the loop twists incorrectly or the C terminus forms native contacts out of order, the protein may be trapped, unable to proceed to the native state without chain crossing. T is an example of such a conformation seen during folding. From state I the protein follows two routes to the native ensemble, either plug or slipknot. Cartoon representation of the energy landscape is presented in Fig. 4E .
found anywhere along the sequence. The existence of native structure differentiates a protein from these traditional model systems where knotting is considered. On a funneled landscape, a protein progressively forms native structure, which implies that a protein is more likely to nucleate a knot in a location containing a loop in the native structure. A knot formed by threading a loop consisting of native structure is called a native knot, whereas a knot threading a nonnative loop is called a nonspecific (random) knot.
A reasonable criterion to distinguish between these two cases is to define a native knot as when (1) at least one knot crossing differs from the native value by less than 10 residues, for example,
for the C-terminal crossing, and (2) projection of the knot in the plane gives the native chirality (see SI Appendix for subtleties of the 4 1 knot). This definition includes the following examples of nonspecific knotting: (i) shallow knots, which could easily appear in a long protein with a deep native knot; (ii) knots tighter or deeper than native; (iii) knots located on the opposite side of the sequence relative to the native position; (iv) an incorrect knot (e.g., of the wrong chirality), which would have to untie prior to correct folding. In the unfolded ensemble of MJ0366 we find a nonspecific knot less than 0.1% of the time and never find that a nonspecific knot nucleates folding. Most of the nonspecific knotted configurations were of types i and iii; however, one iv case was also found. This is consistent with theoretical evidence that folding nucleation by nonspecific knots is entropically unlikely in proteins (11, 13) . This process should have a barrier with a large entropic contribution because there is little energetic stabilization until the native environment forms around the knot.
Kinetic traps on the folding landscape, whose solution would be a chain crossing, are called topological traps. Two types of topological traps can be defined: (a) a nonspecific knot of type ii, iii, and iv; or (b) a malformed topology with some correct crossings but at least one incorrect crossing. These malformed topologies would include cases where the knot is missing. In type a, nonspecific knots of type ii and iii must jump along the sequence to find the correct native position, but this process might be prohibitively slow (12, 24, (25) (26) . Nonspecific knots of type iv must backtrack completely. Backtracking is the process of breaking a subset of native contacts in order to fall further down the folding funnel (16) . Traps of type b make subtle crossing mistakes, and these errors can persist to structures with high Q (Fig. 4) . Because chain crossing is forbidden, large backtracking excursions are required to correct the crossings. Traps of type a were transient at T F and were not observed during kinetic folding. Traps of type b are also transient at T F but become prevalent at lower temperatures. The specific trapped structures and how side-chain packing affects their population is discussed in detail in later sections.
Folding Mechanism of a Knotted Domain. To fold a protein with a 3 1 knot there are three distinct folding routes (11): a native-like knot where either the N-terminal protein forms a native-like loop for the C terminus to thread, the C-terminal protein forms a nativelike loop for the N terminus to thread, or a nonspecific knot with little native structure that then coalesces to the native knot. Fig. 2C diagrams the folding mechanism at T F . The protein is never seen to form a knot outside of state I that continues to the native state. Nonspecific knots of type ii are never seen and those of type i are exceedingly rare. Types iii and iv are trapped configurations that have to unfold before proceeding to the native state. Because types i and ii are not observed to fold native knots, the route to the native state must be through native loop formation. There are two possible loops to form: loops to be threaded by either the C terminus (C loop) or N terminus (N loop). The C loop is defined by contacts between Asn15 and Tyr49, a loop length ΔL ¼ 34 residues, and is anchored by the β-sheet. The N-loop can be defined by Ala42 and Val79, ΔL ¼ 37, or Leu28 and Leu74, ΔL ¼ 46. The N loop is not anchored by any secondary structure but is stabilized by the packing of the helices. Because the loop lengths are approximately the same, the choice of which loop is formed first and subsequently threaded is likely determined by energetics. The C loop is stabilized by ∼90 contacts whereas either N loop is stabilized by only ∼60 contacts. Fig. 2B clearly shows that the intra-β sheet contacts required to form the native C-loop structure occur before the transition state. C-loop formation leads to an unstable intermediate with a free energy barrier of 2k B T.
Simply forming the β-sheet is not enough to define the native C loop; the loop must be twisted correctly. It is possible to twist the β-sheet 360°and arrive at a nearly native configuration that differs only in the crossing near Asn15 and Tyr49 (Fig. 4C ). This Topologically trapped states exist on the landscape and can differ by only a single crossing. Thus, these traps can be very deep in energy. Since chain crossing is not allowed, they are disconnected from the native state and must backtrack to fold correctly. The higher energy traps correspond to panel C and the symmetric traps close to the native structure correspond to panel B. In the structure-based model these traps are transient at T F but can become kinetic traps at lower temperature.
minor structural difference gives a topologically incorrect and potentially trapped structure lacking the knot. Forming the twist takes the protein from the meta-stable intermediate at Q ∼ 0.2 to the plateau at Q ∼ 0.25. It is essentially a barrierless process, but it must occur before the transition state.
After the C loop is formed and correctly twisted, the C terminus must overcome both an entropic barrier and a topological barrier to reach the knotted fold. The entropic barrier arises as the C terminus trades its conformational freedom for the formation of the hydrophobic core, and the topological barrier arises from the excluded volume of the loop and the need to thread the C terminus through it. This topological barrier manifests as an increased entropic barrier, because the number of routes to the native state are limited by the constraint. Forming the hydrophobic core could be a driving force toward forming the knot because it consists mostly of contacts between β 1 and the threaded α 4 . The two possible mechanisms for threading are either a plug or a slipknot intermediate (see Fig. 2C ). The plugging mechanism appears when the C terminus is the first part of the protein chain to thread the C loop. Native contacts are not formed until the C terminus reaches its native position. This mechanism happens through random fluctuations of the C terminus impinging on the C loop. The slipknotting mechanism occurs when part of the protein chain (near the C terminus) threads the C loop but doubles back so the protein chain stays unknotted, a hairpin-like configuration (see Movie S1). The slipknot is stabilized by forming native hydrophobic core contacts between α 3 -α 4 and β 1 , between Phe10 and Ile63, for example. As the slipknotted intermediate is stabilized by native contacts, the C terminus has time to thread the loop. The C loop's ability to accommodate this bulky configuration is facilitated by the flexible five residue chain β 2 and the melting of the C loop helices. At T F the protein folds by the plugging mechanism 55% and by the slipknot mechanism 45%. The coexistence of these two pathways was also seen in the folding of YibK (13) . The equilibrium between these two mechanisms, though, is highly dependent on the length of the threaded C terminus and is discussed in the next section.
Slipknotting Is a General Knotting Mechanism. To investigate how the knotting mechanism is affected by the depth of the knot, folding of the MJ0366 structure with an extended C-terminal helix was studied and is summarized in Table 1 . Because the actual sequence of MJ0366 used for crystallization has five additional residues at the C terminus, it is known that MJ0366 is able to knot with a longer C-terminal tail. The simulated C-terminal helix was extended using the five additional residues indicated in the crystal data, increasing K 0 C to 17. The only native contacts added were local helix contacts in the extended region; no additional contacts with the rest of the protein were added. When kinetic folding is performed at 0.96T F , the extended structure folds via the slipknot route 99% of the time. The plugging mechanism is dependent on putting the C-terminal chain into a precise configuration to slide across the loop, which becomes less likely as the entropy of the C-terminal chain increases with additional residues. At the same time, the additional entropy of the extended C terminus stabilizes the native contacts that support the slipknot intermediate.
A comparison between a coarse-grained (C α ) model that has a single bead-per-residue with the all-atom (AA) model allows more direct connection with previous simulations on knotted proteins (5, 11, 13) . Two of these studies (5, 11) suggested, using a completely funneled C α folding model, that slipknotting is the likely folding route for a more deeply knotted protein. The AA simulations of the extended C-terminal tail MJ0366 corroborate this claim. For completeness, kinetic folding simulations of a C α model at 0.96T F of both the PDB structure and an extended C-terminal structure were performed. The observed folding routes are shown in Table 1 . The folding of the unextended structure is reminiscent of the unextended AA model where the protein folds via either slipknotting or plugging through the C loop. Interestingly, a novel route is seen in the extended structure, slipknotting via the N loop (Fig. 3) . As the C terminus is extended, the difficulty of threading it through the C loop increases relative to the N-terminal threading the N loop, opening up a new kinetically accessible route. This route is not seen in the AA model, likely because the addition of side chains makes the N terminus too bulky to fit through the much tighter N loop. Although, upon extending the C terminus beyond 10 additional residues, this route may become accessible in the AA model. In summary, the deeper knots follow the same slipknot mechanism, though the protein may switch the threading terminus depending on the depth of the knot at the two termini. This is possible in this protein due to the approximate symmetry between the N loop and C loop.
Topological Traps on the Folding Landscape. As explained previously, malformed knots with subtle crossing mistakes are topological traps. These traps are regions of configuration space that can be close to native-like states in energy but are topologically distant because they can only be directly connected to the native state through chain crossing. Trapped configurations are forced to backtrack in order to reach the native fold.
The folding landscape at T F is smooth, because the thermodynamic data showed no evidence of long-lived trapped states. Because physiological temperatures are below T F , new features in the landscape can arise from the altered competition between energy and entropy. Collapsed states become more favorable, which impacts topologically frustrated systems that must be able to easily backtrack from the frustrating conformations for efficient folding. As the temperature is lowered, the time for escape from these conformations, the backtracking time, is greater. Investigating folding below T F can ascertain which topological traps might become important at lower temperatures.
Kinetic folding simulations of MJ0366 were performed, starting from random unfolded conformations and quenched to temperatures 0.96T F , 0.91T F , 0.86T F . They are summarized in Fig. 5 C and D. As the temperature is decreased the folding time also decreases as the competition between energy and entropy favors an increasingly compact ensemble. If the temperature is decreased far enough, the mean first passage time to reach the native ensemble τ mfpt begins to increase as the protein spends more time in topological traps. At 0.96T F the time spent in traps is negligible compared to τ mfpt , while at 0.91T F 3% of the trajectories visit a trap and at 0.86T F 14% of the trajectories visit a trap. The average time spent in the topological traps increases because the barriers to backtracking are increasing. The topology of the most common trap is shown in Fig. 4B . The C terminus makes native hydrophobic core contacts without threading the loop. A second topological trap is seen at 0.86T F , the β-sheet forms with the incorrect chirality for the loop. The C terminus can thread the incorrectly twisted loop and make most of its Results for the PDB structure and the five residue extended structure are shown. Subscripts N and C denote slipknotting or plugging knotting route via the N loop and C loop, respectively. For example, slip slip C denotes slipknotting by threading the C loop.
native contacts, even though the overall topology is trivial. This configuration is shown in Fig. 4C . These traps, along with others, exist at T F . They simply have much shorter lifetimes.
Addition of Side Chains Reduces Topological Trapping. A closer look at the comparison between the C α model and the AA model highlights the role of the geometry in discriminating folding routes. The results show the C α model is more prone to topologically trapped structures than AA. To quantify the ability of the AA model to avoid topological traps, kinetic folding of the C α model and the AA model are compared. Fig. 5D shows that the C α trajectories fall into traps more often than the AA. All of the trapped C α structures, but only ≈20% of the trapped AA structures, were of the types in Fig. 4 C and D. Of the few trapped AA structures, most are of the type shown in Fig. 4B . The addition of side chains serves to break the symmetry in the C α geometry, for example, in the β-sheet (Fig. 4 C and D) . A clear difference between the two models is captured in Fig. 5A by comparing route measure RðQÞ (27, 28) along the folding pathway. RðQÞ quantifies the amount of available configuration space that is actually accessed during folding (see SI Appendix). A larger route measure signifies a smaller number of routes traversed during folding. Knot formation is the stage of folding where avoiding incorrect crossings is critical. The C α model is seen to have a more diverse set of routes leading to the transition state. Also the smaller slope of the knot probability versus Q shows knot formation is less cooperative in the C α model. The increased persistence length coupled to more precise atomic packing in the AA model imposes an energetic penalty on routes containing improper chain crossings and therefore reduces topological trapping. Due to the importance of correct packing, knotted proteins may be particularly sensitive to mutations in the crossing regions.
Dimerization Occurs After Knotting. Studying the process of dimerization is important because it could have an effect on the folding of the knotted structures. The question is whether the topology forces native-like monomers to fold before dimerization or whether the dimerization step could be coupled to the folding process as in so-called obligatory dimers (29) . YibK, a 3 1 knotted protein, has been shown experimentally to first fold to a nativelike monomeric state before a slow dimerization step (10) . MJ0366 has a homodimeric interface similar to that of YibK: Both interfaces include the C-terminal helix directly involved in the knotted structure. See SI Appendix for the structure of the dimer. MJ0366 has a shallower knot than YibK and a higher proportion of dimeric contacts than YibK, both of which could cause the dimerization to more greatly impact the folding of MJ0366.
The dimerization process was investigated by performing folding simulations with two monomers present, starting with both unfolded. Contacts between the monomers in the crystal structure were included with the same strength as intramonomer contacts. Results show that knot formation is unaffected by the presence of the dimer (see Figs. S2 and S3 for details). The transition-state ensemble is nearly identical whether folding in isolation or in the presence of another dimer. A correlation coefficient of 0.995 is seen between the transition state of an isolated monomer and two monomers held in close proximity by a harmonic spring constant k ¼ 4ϵ∕ nm 2 . Also, contacts between monomers are rarely formed in the transition states of the monomers, Q dimer < 0.05 over a broad range of effective monomer concentrations. This remarkable result emphasizes the robustness of the proposed monomeric folding mechanism.
Conclusions
This study maps the full thermodynamic energy landscape of a knotted protein, and we find that the folding is a thermodynamically three-state system: unfolded, loop formation, nativeknotted structure. Below T F , kinetic folding also follows the same three-state mechanism along with increased prevalence of topological traps. An earlier C α model for folding was shown to overestimate the importance of trapping. At folding temperature two parallel knotting mechanisms are observed: slipknot and plug. At lower temperatures and with an extended C-terminal tail, the mechanism switches exclusively to slipknotting, as the entropically limited plug pathway is suppressed. Further support for the slipknot pathway comes from the observation of slipknots in native protein structures (4) . This folding route is consistent with previous work on YibK (11) , so it will be instructive to apply the all-atom model to YibK and other larger knotted proteins.
Our results suggest some general features of folding knots in proteins. More deeply knotted proteins should tend toward creating knots through slipknotting. The viability of the slipknot route assumes that there is some preordered native structure in the knotted domain to provide both scaffolding to anchor the slipknot intermediate and a native loop for the terminus to thread. The inherent geometric constraints in the knotted domain must be sufficient to ensure the correct ordering of crossings. It has been shown that more complicated "closed" knots, 4 1 , 5 2 , 6 1 , can be unknotted by switching a single crossing (3, 5) . This is equivalent to the "open" knots being able to be tied through a single loop crossing event. These more complicated protein knots can therefore fit naturally into the mechanism of a preordered domain coupled to a final native loop threading that creates the nontrivial topology. This would extend the folding pathway for the smallest knotted protein to all knotted proteins.
This scenario of preordered native structure preceding knot formation is in direct contrast to folding through a random, nonspecific knot that then coalesces into the native knot. The results from the extended C α model show an underlying plasticity in the folding landscape because the protein can switch the threading terminus if the native geometry is perturbed, obviating a kinetically accessible nonspecific knotting route. There are infrequent instances of nonspecific knots forming in the unfolded ensemble in our simulations, but these events do not nucleate folding. Instead, the nonspecific knots always backtrack. This result is somewhat surprising because the early formation of a knot would seem to surpass the topological barrier. It shows there are still significant barriers to jumping the position of a random knot to the native position. This is in contrast to the behavior of knots in flexible random polymers.
These observations raise the important question of the dynamics of knots in denatured proteins. Suppose a knotted protein is rapidly denatured in an experiment before the knot can untie. Are the dynamics of the knot on the denatured polypeptide "polymer-like," where a knot is able to become either tightened or slide along the sequence, or are the dynamics "protein-like," where there exist large barriers (12, 24) to changing the knot's position? The answer to this question is crucial for interpreting experimental refolding data of knotted proteins and is currently under investigation.
Materials and Methods
All-Atom Model. The all-atom model was described previously (18) and is available on a web server (30) . The model used in this work is identical except that we use a Gaussian-type contact potential (31) . In the all-atom, structurebased model of the protein, only heavy (non-hydrogen) atoms are included. Each atom is represented as a single bead of unit mass. Bond lengths, bond angles, improper dihedrals, and planar dihedrals are maintained by harmonic potentials. Nonbonded atom pairs that are in contact in the native state are given an attractive Gaussian well potential, while all other nonlocal interactions are repulsive. All attractive potentials are given values taken from the native state. GROMACS 3.3.3 was used for the molecular dynamics (32) . For comparison, a standard C α coarse-grained protein model was used and is described in refs. 15 and 30. The C α contact map is constructed from the all-atom contact map by including all residue pairs that have at least one atom-atom contact between them. Thermodynamics data was obtained from constant temperature molecular dynamics, and histograms from multiple temperatures were combined using the Weighted Histogram Analysis Method (33) . All structures were visualized using VMD (34) .
Reaction Coordinates. Q is defined as the fraction of native residues in contact (18) . A residue contact is formed if any of their native atomic contacts are formed. A contact between atoms i and j is formed if r ij < 1.2r 0 ij , where r 0 ij is the pair distance in the native state. Q CA is a coarse-grained version of Q that defines a residue contact as formed if the C α positions of residues i and j satisfy r ij < 1.2r 0 ij . Q β comprises the contacts between residues 7-12 and 49-54.
Identification of the Knot in the Protein, KMT Algorithm. The positions K N ∕ K C during folding were determined in the same way as the native knot (21) , applying the procedure at each simulation snapshot as described in ref. 24 . The slipknot conformation was detected as described before in ref. 12 .
